Human herpesvirus 8 (HHV-8) or Kaposi's sarcoma (KS)-associated herpesvirus (KSHV) was initially identified in KS lesions using representational difference analysis (8) . Subsequent epidemiologic studies have implicated HHV-8 in all forms of KS (45) including classical KS, KS in AIDS patients and other immunosuppressed patients, and the endemic KS seen in human immunodeficiency virus (HIV)-negative patients in Africa. HHV-8 has also been correlated with body cavity-based lymphomas (6) and multicentric Castleman's disease (37) .
HHV-8, a member of the lymphotropic (gamma) subclass of herpesviruses, has the greatest homologies to Epstein-Barr virus and herpesvirus saimiri (32) . Analysis of the HHV-8 genome reveals a number of conserved sequences, as would be expected in any herpesvirus, including those which encode virion structural proteins and viral DNA polymerase (32) . HHV-8 also encodes several protein homologs of host proteins, including interleukin-6 (IL-6), a G-protein-coupled receptor, chemokine-like molecules (vMIP-I, vMIP-II, and vMIP-III), interferon regulatory factor 1 (IRF-1), a complement binding protein, Bcl-2, and cyclin D (23, 26) . These viral proteins potentially contribute to pathogenesis by optimizing the cellular environment for viral replication or modifying the host immune response. Like most herpesviruses, HHV-8 replicates using a strictly ordered program of gene expression (31, 43) . The temporal regulation of gene expression is important for fully pathogenic infection. Identifying the times at which viral genes are expressed may provide insights into HHV-8 pathogenesis.
Presently, there are no highly efficient in vitro exogenous infection model systems for HHV-8 infection. However, body cavity-based lymphoma 1 (BCBL-1) cells latently infected with HHV-8 (29) provide an available approach to study the HHV-8 lytic cycle. Induction of BCBL-1 cells with phorbol esters such as 12-O-tetradecanoylphorbol-13-acetate (TPA) can initiate lytic replication of HHV-8. Studies using this cell line show that a significant number of HHV-8 genes are expressed following TPA treatment while only a small subset of these viral genes are expressed in the absence of induction (29) . The elevated levels of viral transcripts are accompanied by an increased production of viral DNA (29) . This system thus provides a means to study the program of HHV-8 gene expression and replication in a relatively homogeneous population of cells.
To better understand how the temporal pattern of HHV-8 gene expression contributes to viral replication and pathogenesis, we investigated the transcription program of HHV-8 genes using recently developed microarray technology (34) . A custom HHV-8 microarray was constructed containing PCRamplified fragments corresponding to each HHV-8 open reading frame (ORF) and used as hybridization targets for probes made from BCBL-1 cells induced to produce HHV-8 with TPA at serial times following induction. We compiled a comprehensive catalog of the viral genes differentially expressed during HHV-8 lytic infection. The identification of the expression pattern of viral genes during the viral replication cycle provides clues to understanding the HHV-8 replication strategies.
82 HHV-8 ORFs, latency-associated transcripts T0.7 and T1.1, and two additional fragments from the HHV-8 genome between bases 90541 and 89600 and bases 90173 and 90643. HHV-8 ORF 58 was not included on the array due to insufficient PCR product. ORFs K8, K8.1, and K8.2 were also excluded because we were unable to produce PCR products that effectively delineated these alternatively spliced ORFs from ORF 50. The viral array elements were supplemented with a subset of 88 cellular genes that were used for internal hybridization and normalization controls. These genes are preselected by the National Human Genome Research Institute, NIH (Bethesda, Md.), and have been observed to have relatively invariant expression under many conditions (18) . For example, included in this set of cellular genes are glyceraldehyde-3-phosphate dehydrogenase, cytoplasmic beta-actin, human superoxide dismutase, and human malate dehydrogenase. Primers (Sigma Genosys, The Woodlands, Tex.; BioServ Technologies, Laurel, Md.) were designed (Table 1) to amplify fragments between 200 and 1,000 bases long from each viral ORF. Fragments were amplified using BCBL-1 high-molecular-weight DNA as a template. All products showed a single band of appropriate size by agarose gel electrophoresis. Following PCR, the product was ethanol precipitated, washed twice with 70% ethanol, and then resuspended in Tris-EDTA buffer. Microarrays were prepared by robotically spotting individual DNA species (PCR product concentration of approximately 0.5 mg/ml) on poly-L-lysine-coated glass slides as previously described (13, 36) .
RNA preparation. TPA-treated and untreated BCBL-1 cells were collected 0, 3, 4, 8, 10, 12, 24, 36, 48, 72 , and 96 h postinduction (hpi). Poly(A) ϩ RNA was isolated using the Fast Track 2.0 kit (Invitrogen, Carlsbad, Calif.) following the manufacturer's instructions.
DNA microarray analysis. Poly(A) ϩ RNA isolated from untreated control BCBL-1 cells and TPA-treated BCBL-1 cells was reverse transcribed using an oligo(dT) primer (LTI) and labeled with Cy3-and Cy5-dUTP (Amersham Pharmacia), respectively. The paired reactions were combined, and unincorporated fluor-dUTPs were removed with Microcon 30 filtration spin columns (Amicon, Millipore Corp., Bedford, Mass.). Purified fluorescently labeled probe was mixed with Cot-1 DNA (Boehringer Mannheim, Indianapolis, Ind.), poly(A) (LTI), and yeast tRNA (Sigma) and then applied to the microarray for hybridization at 65°C for 16 to 18 h. Following hybridization, slides were washed in 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 1 min, followed by washes in 0.2ϫ SSC and 0.05ϫ SSC for 1 min and 20 s, respectively. Hybridizations were repeated with duplicate arrays and additionally performed with independent RNA preparations. For selected time points, the arrays were also queried with probes produced via reverse labeling, that is, TPA-treated cell RNA was labeled using Cy3-dUTP instead of Cy5-dUTP and the untreated cell RNA was labeled using Cy5-dUTP instead of Cy3-dUTP. The data obtained using the different arrays and experiments were consistent.
Slides were scanned with the Axon GenePix 4000 scanner (Axon Instruments, Inc., Foster City, Calif.) and analyzed using the ArraySuite program, developed by Chen et al. (4, 9) , based on the IP Lab Spectrum software. In the experiment displayed here, which is representative of one array experiment, the TPA-treated image (Cy5 labeled) was assigned a red color and the untreated control image (Cy3 labeled) was assigned a green color to form a pseudocolored image. Intensity data were integrated over 225-m-square pixels and recorded at 16 bits. The final reported probe intensity for every spot was the average fluorescent intensity for the spot minus the local background intensity. The ratios of emission fluorescence for all targets were determined by taking the final reported probe intensity at each spot in the TPA-treated image and dividing by the final probe intensity of the same spot in the untreated control hybridization. A normalization factor, based on the distribution of ratios for the 88 cellular genes, was applied to ratios from the viral targets, and calibrated ratios were reported (4, 9) . Normalization ensures that the obtained ratios are not affected by differential labeling or hybridization efficiency. For normalization, the average intensity, in both Cy3 and Cy5 channels, for the 88 cellular genes was determined (18) . The ratio variance of these 88 cellular genes is also used to calculate 99% confidence intervals where the ratios are considered to be no different from 1. Calibrated expression ratios for each gene were cataloged based on a hierarchical clustering program (average-linkage algorithm) (14) . To visualize the temporal trend of each ORF, we normalized the log-transformed gene expression ratio by its mean and standard deviation, or z ij ϭ (log t ij Ϫ i )/ i , where z ij is the normalized log-transformed expression ratio, t ij is the expression ratio for i th ORF at j th time point, and i and i are the mean and standard deviation of the log ratio of i th ORF across all time points, respectively.
Northern blot analysis. (29, 33) . RNA from induced and control, uninduced BCBL-1 cells at corresponding time points was reverse transcribed into fluorescently labeled cDNA in the presence of Cy3-or Cy5-dUTP. The labeled cDNAs were hybridized to the custom HHV-8 microarray. The arrays were scanned for fluorescence intensities in each spot with a confocal laser array scanner, and images were constructed using a pseudocolor scheme, with spots corresponding to genes highly expressed during HHV-8 replication appearing red (Fig. 1) . The array consists of four subarrays, each containing 22 HHV-8 elements (V regions) and 22 control cellular genes (C regions). The time (hours) after TPA induction is indicated at the right. Examination of the pseudocolored composite array image shows that, during infection, different viral genes can be seen to increase (red spots) and decrease (green to light-green spots) in expression in a distinct temporal pattern while cellular genes remain unchanged (yellow-green spots), as would be expected. Even at this relatively gross, qualitative level, a temporally controlled viral transcription program is apparent, with some viral spots becoming red early after induction and others turning red later. Occasional white spots indicate saturation (maximal expression).
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The succeeding subset of genes expressed encodes structural proteins and DNA packaging components (32) . Some of the tegument proteins (ORFs 32, 38, 63, and 67) and glycoproteins (ORFs 8, 47, and 68) show relatively early expression at 10 to 12 hpi, while other virion structural genes, including ORFs 17, 25, 26, 65, and 66, which encode capsid proteins; ORFs 19, 64, and 75, which code for tegument proteins; ORFs 29a and 29b, which encode packaging proteins; and ORFs 22, 39, and 48, which encode glycoproteins, first show increased expression somewhat later, at 24 hpi. This differential regulation in expression suggests that certain components may be needed earlier in assembly to optimize virion assembly. The structural genes all peaked in expression levels at 24 to 48 hpi.
HHV-8 has been shown previously to encode a number of proteins that have homology to cellular signaling molecules and immune components (23, 27, 32) . Expression of these HHV-8-encoded homologs can be detected throughout the induced lytic cycle, although different cellular homolog genes are expressed with different kinetics. ORF K2, which encodes vIL-6 (25), is among the first viral genes to show increased expression at 8 hpi and peaks in expression level by about 24 hpi. This viral cytokine has been implicated in the pathogenesis of KS. It has been shown to stimulate hematopoiesis and to play a role in angiogenesis through the initiation of vascular endothelial growth factor expression, as well as to stimulate primary effusion lymphoma cells (1, 5, 11, 23) . The early expression of vIL-6 reinforces the importance of this cellular homolog in viral infection.
The next set of cellular homologs, with increased expression at 10 hpi, includes the ORF K9-encoded vIRF-1 (32); the ORF 16-encoded vBcl-2 (10); and ORF K1, which can cause cellular transformation (24) . Peak levels in expression of these viral homologs are seen between 24 and 48 hpi. These virally encoded gene products may contribute to viral pathogenicity by interfering with the host's intrinsic antiviral mechanisms such as apoptosis (10) and interferon-induced signaling (16) , which could hinder viral replication. At 12 hpi, both the ORF K6-encoded chemokine-like protein vMIP-IA and the ORF 74-encoded G-protein-coupled receptor show increased expression and peak in expression by 48 hpi. ORF 4, which encodes a complement binding protein (32) , and ORF K12 (kaposin A) (32) , which can transform cells (19) , do not show increased expression until 24 hpi and do not peak until 48 hpi.
To examine the relationship between the genes and their expression patterns, the data were analyzed using a hierarchical clustering algorithm (14) in which the expression of each gene at every time point was compared and grouped according to the similarity in gene profiles. The data are presented in the form of a colored mosaic matrix where each column represents a time point following induction and every row indicates the expression pattern of a single ORF (Fig. 2) . The data are normalized relative to the mean expression level of the ORF divided by the standard deviation of the expression level across all the time points (see Materials and Methods). The normalized expression level of each gene is color coded, with green blocks indicating gene expression ratios lower than the mean and red blocks indicating levels of gene expression higher than the mean. Blocks containing more saturated colors indicate higher levels of expression. Black blocks indicate an intermediate level of expression. The dendrogram at the left of the image assembles all the genes into a single tree with ORFs having related expression patterns joined by a branch. The branch lengths reflect the degree of similarity between the gene expression profiles. Figure 2 illustrates the ordered and varied patterns of viral gene expression. It can be seen that the expression patterns of genes with early expression kinetics are more closely related to one another than to the patterns of those with late expression kinetics. For example, ORF 57, ORF K2, and ORF K4.2, which are expressed early in the lytic cycle, appear clustered together on the top of the table, and genes expressed late in the infection cycle, such as ORF 19 and ORF 75, are found clustered at the bottom of the table, while LANA (ORF 73) and vFLIP (K13/ORF 71), which are constitutively expressed, are distant from both the early regulatory and late structural genes. The clustering display of the data also shows a tendency for genes with similar functions, such as ORFs 26, 43, and 65, which all encode capsid proteins, to be clustered together despite being located apart from one another in the viral genome.
To confirm the microarray results, HHV-8 genes including immediate-early genes ORF K4.2 and ORF 57, early lytic gene ORF 59, and late lytic gene ORF 17 were selected for Northern analysis (Fig. 3) . The same PCR-amplified fragments used to construct the arrays were labeled via random priming and hybridized to blots made from the same RNA used in the cDNA synthesis step for the microarrays. The patterns of expression produced by the two assays are similar, and expression peaks at about the same times. This essential agreement between the Northern and array data supports the general applicability and utility of the array approach.
HHV-8 transcription program and physical organization of the genome. Figure 4 shows the expression patterns of the viral genes superimposed on a physical map of the virus (32) to illustrate the relationship between the physical map and the expression data. These data provide a quantitative overview of HHV-8 gene expression during lytic replication. Here, the expression data are normalized to the level of peak expression (set to equal 100) for each gene. The ORFs are color coded by their function, and the graphs are shaded corresponding to the first time point at which a doubling in the calibrated ratio is detected compared to baseline (0 hpi).
The expression patterns of the known genes generally behave as expected: immediate-early genes (e.g., ORF 57 and ORF K5) peak early, while genes encoding virion structural proteins (e.g., ORF 17 and ORF 66) peak later. The map also shows the related patterns of expression for certain genes with common functions. For example, ORFs involved in DNA replication (purple) all show gene expression patterns which rise at 10 hpi (peach) while ORFs encoding helicases-primases (lavender) all show increases in expression at 24 hpi (green). The map clearly illustrates the carefully ordered nature of the viral transcription program.
DISCUSSION
Over 25 years ago, some of the earliest experiments in molecular virology showed that herpesvirus replication proceeds through a strict, temporally ordered transcription program (30, 43) . However, the limitations of traditional techniques constrained the ability to determine the quantitative details of herpesvirus transcription programs. Here, we have custom built viral microarrays to provide a comprehensive description of the HHV-8 transcription program and to delineate viral ORFs based on their transcriptional kinetics. The results remarkably echo those initial descriptions, while providing quantitative detail covering the expression patterns of genes with both known and unknown functions and offering insights into viral replication and pathogenesis.
Although the latent infection system of stimulated BCBL-1 cells may not include all the subtle aspects of viral gene ex- FIG. 3 . Northern analyses for HHV-8 genes. HHV-8 genes, ORF 17, ORF 57, ORF 59, and ORF K4.2, were selected for Northern analysis to confirm the results obtained using microarrays. The same PCR-amplified fragments used to construct the arrays were labeled via random priming and hybridized to blots made from the same RNA used in the cDNA synthesis step for microarray assays. Data were collected with a PhosphorImager. The expression patterns obtained using the Northern blots are those expected for the genes, with expression for the immediate-early genes ORF K4.2 and ORF 57 peaking approximately 24 to 48 hpi, that for the early lytic gene ORF 59 peaking at 36 hpi, and that for the late lytic gene ORF 17 peaking at 48 hpi. The data were normalized to account for basal gene expression levels by using uninduced BCBL-1 cells. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. The expression patterns for HHV-8 genes were placed onto a physical map of the virus (32) . ORFs are color coded by function. Graphs are shaded by the time at which a doubling in calibrated ratio is seen compared to time 0 hpi (baseline). The expression levels plotted in the graphs are normalized to the maximum expression (set to equal 100) for each gene. pression evident in more physiologic exogenous infection systems, the patterns of gene expression seen with our microarray analysis concur with the functional roles of the viral genes and agree with published work describing HHV-8 expression kinetics (33, 40) . Our results, together with the available data concerning the organization of the HHV-8 genome, permit a viral genome-wide assessment of the interrelationship between genomic structure and the transcription program. Certain ORFs which lie far apart on the genome but which have similar functions display analogous expression patterns. For example, ORFs 25, 43, and 65 encode capsid proteins. Even though they are located apart from one another on the genome, they are late genes expressed with similar patterns and were found to cluster together using the clustering algorithm (Fig. 2) . Similarly, ORFs 19, 32, 38, 63, 64 , and 75, which encode tegument proteins, are also found in different parts of the genome but are expressed with similar kinetics. It will be interesting to determine whether such genes with similar expression patterns lying far apart on the genome share similar regulatory mechanisms. Conversely, some adjacent genes exhibit quite distinct expression patterns. ORF 56 (DNA replication protein), ORF 57 (immediate-early protein), and ORF K9 (vIRF-1) are located adjacent to one another on the genome but exhibit quite different expression patterns and cluster with other genes of a similar expression class, with ORF 57 showing an immediateearly pattern of expression while the other genes were expressed later (also Fig. 2) . Some adjacent genes, such as ORFs 40 and 41, which encode subunits of a helicase-primase and are encoded by a single transcript, show similar patterns of expression, as expected. Other adjacent genes, such as ORFs 65 and 66, which encode capsid proteins, show slightly different patterns, perhaps indicating additional posttranscriptional levels of regulation.
The expression patterns of particular classes of genes obtained in our studies may offer insights into viral replication and pathogenesis strategies. The HHV-8 genome encodes over 80 ORFs, including a large number of cellular gene homologs implicated in pathogenesis (17) . As expected, the genes showing the earliest increase in expression are involved in gene regulation. Genes involved in DNA replication show increased expression slightly later, consistent with the classical descriptions of herpesvirus replication programs. Interestingly, the cellular homolog genes are expressed with various kinetics, and these differences in kinetics can offer insights into the role of the cellular homologs in viral replication and pathogenesis strategies. For example, the relatively early expression of vIL-6 (ORF K2) suggests that it may play a particularly important role in optimizing the host or host cell for viral replication.
Following the expression of genes involved in DNA replication, a wave of structural and packaging genes is expressed as the virus shifts to assembly of virions. It is near this time that a second subset of viral homologs is expressed, including genes encoding vBcl-2, vIRF, and a transformation-associated protein (ORF K1 gene product) (19) . Apparently, as the structural proteins of the virus are expressed, the virus finds it advantageous to attack the intrinsic host antiviral mechanisms. By activating multiple cellular homologs simultaneously, the virus can potentially prevent programmed cell death of the infected host cell and concurrently alter cell cycle progression. At the end of the lytic cycle, additional viral homologs, including the G-protein-coupled receptor (ORF 74) (2) and kaposin A (ORF K12), involved in cellular transformation (24) , are expressed. These genes are apparently required at the end of the viral replication cycle, presumably to optimize the cell for the later stages of the replication cycle.
While many of the HHV-8 ORFs to date remain unclassified, the comprehensive description of the transcription program can serve to suggest functions for these previously uncharacterized genes, since the timing of gene expression is generally related to function. ORFs 11, 31, 35, and 49 are expressed earlier in the induced lytic cycle, at 10 hpi, similar to patterns exhibited by the early transactivators and certain cytokine homologs. ORF 10 shows increased expression at 12 hpi, with an expression pattern similar to those of genes involved in DNA replication. We predict that this gene is involved in the earliest stages of viral replication or in preparing the cell for replication. ORFs K7, 18, 23, 24, 27, 28, 30, 33, 42, 52, 53 , and 69 are all expressed later, at 24 hpi, and show patterns of gene expression similar to those for functional classes of structural and packaging proteins and the cellular homologs with late expression patterns. These genes likely encode additional structural components, are involved in virion assembly, or modify the host cell to sustain viral replication, for example, by blunting antiviral functions.
Although arrays can provide a wealth of data concerning gene expression patterns, the approach has some inherent technical limitations. These limitations are particularly apparent when the arrays are used to examine expression patterns of multiply spliced, alternatively spliced, and polycistronic messages. ORF 50, which is expressed as a polycistronic message, encoding ORF K8, ORF K8.1, and ORF K8.2 (35, 44) , shows increased expression at 10 hpi, as would be expected for this known immediate-early gene involved in the activation of lytic replication (22, 39) . Alternative splicing and transcriptional readthrough events, however, make it difficult with microarray technology to clearly delineate discrete gene expression profiles for the various ORFs within this polycistronic message. The expression patterns that we observed for ORF K8.1 and ORF K8.2 showed no significant differences from that for ORF 50, although it is known that ORF K8.1, which is located downstream of ORF K8, is expressed as a late gene during lytic replication in BCBL-1 cells (21, 46) . ORFs K13 (ORF 71), 72, and 73 have been identified as 3Ј-coterminal transcripts that are coregulated (12, 41) . A 5.4-kb mRNA encodes all three ORFs, while a smaller 1.7-kb bicistronic mRNA has been shown to contain ORF K13 and ORF 72 (12) . These ORFs have been classified as latencyassociated transcripts, which are not induced by lytic replication. Although our data do indicate constitutive expression levels for ORFs K13/71 (vFLIP), 73 (LANA), and 72 (vCyclin D), an increase in expression of these messages is seen between 36 and 48 hpi for ORF K13/71, at 36 hpi for ORF 73, and at 48 hpi for ORF 72. Interestingly, these time points correspond with the peak expression of many of the virally encoded cellular homologs. Each of these ORFs encodes gene products having activities that affect important aspects of cellular physiology. For example, LANA has been shown to block p53 and pRb and to interfere with apoptosis (15, 28) , vCyclin has been associated with cell cycle disruption (20) , and vFLIP has been shown previously to inhibit apoptosis (42) . These VOL. 75, 2001 TRANSCRIPTION PROGRAM OF HHV-8 (KSHV)latent genes, with their distinct activities, may be additionally contributing to the dysfunction caused by the cellular homologs to promote viral infection and disease progression. Kinetic profiling using viral microarray technology provides a rapid and efficient means to analyze global changes in viral gene expression during infection. Chambers et al. (7) and Stingley et al. (38) have similarly utilized viral arrays to analyze the transcription programs of human cytomegalovirus and herpes simplex virus type 1, respectively. Both studies demonstrate the efficiency of viral arrays in the classification of viral genes based on the kinetics of gene expression. The patterns of HHV-8 gene expression seen here provide insights into the processes of HHV-8 replication and into the manipulation of the host cell by the virus, insights that should improve our understanding of the pathogenesis strategies of the virus and the mechanisms through which it causes disease.
